Freshly isolated cotyledons from 10-day developing pea (Pisum sahvum) seeds were fed radiolabeled precursors for 5 hours, and the specific radioactivity of the free and total protein amino adds was determined usng a daylation procedure. When the seven most abundant amino adds in phloem exudate of pea fruits (aspne, seine, glutamine, homoserine, alanine, aspartate, glyine) were fed singly, their carbon ws diibuted widely among the aliphatic amino acids, proline and typtophan; sporadic labelHg of tyrosine and hidine also occurred.
Feedig of glucose led to relatively grater labeling of aromatic amino acids induding phenylalaine. The data support the involvement of known plat pathways in these interconversions. Labelng patterns were conistent with paticipation of the cyanoalanine pathway in the conversion of seine to homoserine, and with the synthesis of histidine from adenosine. AN of the labeled amino acids were incorporated into protein.
Synthesis of reserves by the developing seed requires a continuous supply of organic solutes from the parent plant, which arrive predominantly in the phloem. In legumes the carbon chains of these solutes have undergone a complex process of recycling between leaf, root, stem, and pericarp, with incorporation of amino nitrogen in nodules and further processing at each subsequent site (11, 18) including the cross-transfer from xylem to phloem (19) . Studying the composition of fruit phloem sap of Pisum sativum, Lewis and Pate (12) found about seven times as much carbon to be in the form of sugars as in amino acids. Of the latter, on a molar basis nearly 90% was present as asparagine, serine, glutamine, homoserine, alanine, aspartate, and glycine; many amino acids required for protein synthesis occurred in only trace amounts or were not detected. On the other hand, when 14CO2 was fed to a leaf, the specific radioactivity of the amino acids in protein of seeds at that node was relatively uniform (12) . This suggested that the seeds themselves must actively synthesize those amino acids present in low concentration or not detected in the phloem sap. Totipotency in amino acid synthesis is also indicated by the apparent ability of developing lipin seeds (1) and cultured pea cotyledons (16) to use asparagine as sole N source.
The above evidence is, however, indirect. The possibility remains that the attached seed could be incapable of synthesis of certain amino acids, yet by efficient incorporation of the trace amounts entering in the phloem sap, avoid limitation of protein synthesis. The aim of the present study was to assess the capacity of the isolated developing pea cotyledon for synthesis of amino acids from phloem sap precursors and for their incorporation into protein. Of particular interest were the sulfur amino acids, whose low content limits the nutritional value of legume seed protein for humans and other monogastric animals. (15) , and pods were collected 10 days after anthesis. Using sterile gloves and scalpel, cotyledon pairs (wt: 180-240 mg) were dissected from the seeds carefully to avoid bruising or cutting injury, except for the small cut necessary for removal of the embryonic axis. Each cotyledon was laid, adaxial (flat) surface downward, on a 20-Al drop of radioactive precursor resting on a piece of Parafilm (freshly exposed surface) in a Petri dish, whose lid was lined with moist filter paper. The dish was placed near a south-facing window under natural illumination (i.e. out of direct sunlight) for 5 hr at 20 to 22 C, then the cotyledons were swirled briefly in a large volume of distilled H20, blotted dry, and dropped into liquid N2.
MATERIALS AND METHODS

Labeled Precursors
Determination of Trichloroacetic Acid-soluble and -insoluble Radioactivity. Each pair of cotyledons was ground in a mortar with 2 ml of 5% trichloroacetic acid containing 0.2% casein hydrolysate, transferred quantitatively to a 10-ml cylinder, heated 15 min at 90 C to discharge amino acids from tRNA, allowed to cool, and the suspension made up to volume. For radioactivity in insoluble material, a 2-ml aliquot was filtered through an Oxoid membrane and the residue was washed five times with 5 ml of 5% trichloroacetic acid-0.2% casein hydrolysate, once with 0.5 ml of 80% ethanol, and once with 0.5 ml of ether. The membrane with residue was then heated at 50 C for 1 hr with 1 ml of Soluene (Beckman) in a scintillation vial with occasional shaking. After cooling, 9 ml of Triton-toluene-based scintillation fluid was added and the radioactivity counted. For soluble radioactivity, an aliquot of suspension was centrifuged at 10,000g, and a 1-ml aliquot of supernatant scintillation was counted as above.
Determination of Amount and Specific Radioactivity of Amino Acids. The rationale and development of this procedure are given elsewhere (13) . Each pair of frozen, labeled cotyledons was homogenized, while thawing, with 1 ml of phenolacetic acid-water (1: 1: 1, w/v/v). After centrifugation the residue was re-extracted with 1 ml PAW1 and discarded. Total RESULTS AND DISCUSSION Values for the total pools of amino acids in a typical pair of cotyledons 10 days after anthesis are shown in Table I . In view of its acid lability, the figures for tryptophan are only approximate. Conspicuous are the large pools of free alanine, arginine, asparagine, glutamine, homoserine, and threonine, and the very small pools of cysteine, methionine, and tryptophan both free and in protein. Since in the 10-day seed synthesis of storage globulins has only just begun (15) , it is likely that the protein amino acid pool mainly reflects the average composition of the metabolic and structural proteins of the cotyledon. The composition of the free amino acid pool differs markedly from that of phloem sap (12) in its very high level of arginine, possibly a temporary storage compound, and low levels of serine, glycine, and aspartate, all of which are likely to be in heavy demand for synthesis of other amino acids. Alternatively, the relative levels of these (10) .
and other amino acids may be the result of specific control mechanisms. Exposure of the adaxial surface of the cotyledon to labeled amino acids resulted in rapid distribution of radioisotope through the tissue. This was shown by feeding cotyledons for the usual period (5 hr) with [U-14C]glycine or [U-14C]aspartate, then washing them and cutting each cotyledon, parallel to the adaxial surface, into five to six freehand sections. When these were dispersed in warm Soluene and scintillation-counted it was found that the section farthest from the adaxial surface (this was also the smallest section) contained 23% (glycine) or 12% (aspartate) as much radioactivity as the closest one (mean of two experiments).
The time course of appearance of 14C in the trichloroacetic acid-soluble and -insoluble fractions of cotyledons fed with [U14Claspartate is shown in Figure 1 . While the soluble (free amino acid) fraction accumulated label at a constant rate until it reached a plateau at about 5 hr, the insoluble (protein) fraction showed an initial lag followed by a relatively constant rate of incorporation between 3 and 8 hr. Since one aim of this study was to learn whether the seed can incorporate each of its synthesized amino acids into protein, 5 hr was selected as the precursor-feeding period in subsequent experiments.
Although developing pea cotyledons from the growth cabinet are essentially free of bacteria (16) Table III. Not included in these tables is the significant labeling found in several as yet unidentified compounds, which is the subject of continuing investigation. 20 iCi presented Ser (15) In general, the drop in specific radioactivity (dilution of label) between two amino acids should be least when they are separated by fewest metabolic steps. Disparate pool sizes, however, can cause a substantial difference in specific radioactivity between two neighboring compounds in a pathway. On the other hand, if two amino acids exhibit comparable specific radioactivity and are adjacent members of a well established plant pathway, then the simplest hypothesis is that this pathway is operating in the cotyledon. Even here the possibility exists, at least theoretically, that the observed result reflects some effect of compartmentation on labeling kinetics. Bearing these problems of interpretation in mind, only the salient aspects of the data will be considered in what follows.
Each of the seven phloem sap amino acids was extensively metabolized to other amino acids in both its own and other biogenetic families. The labeling patterns are for the most part consistent with accepted pathways in plants (2, 6, 7) . Those pathways which appear to be operative in the pea cotyledon are shown in Figure 2 . Photosynthetic reactions are not included, since photosynthesis by the seed of the field pea has been found (4) to make a negligible contribution to its carbon economy.
Cysteine and methionine were labeled to relatively high specific radioactivity (Table II) , suggesting that there is no marked limitation to synthesis by supply of reduced sulfur. The labeling of methionine is as expected if 4-carbon precursors yield the C4 chain and the methyl group is provided by glycine or serine via the Cl pool. Data of this type do not permit conclusions about the mechanism of homocysteine synthesis (5); in any case this amino acid and cystathionine could not be detected reliably with the present methodology.
Radiocarbon from homoserine was recovered in amino acids agreeing substantially with those labeled in pea shoot protein (20) (Table II) . The heavy labeling of O-acetylhomoserine found by Pate et al. (20) and other workers (8) could not be confirmed because O-N acyl transfer at alkaline pH (9) would prevent dansylation of this compound. The low specific radioactivity of amino acids in the glutamate and pyruvate families supports the concept (17) that interconversions within the aspartate family occur in a compartment removed from the tricarboxylic acid cycle. Further support comes from the glucose-feeding experiment (Table III) , in which radioactivity was not detected in any member of the aspartate family except aspartate itself. For the labeling of serine and glycine by homoserine no explanation based on known plant pathways can be offered at present.
The amides, particularly asparagine, were extensively converted by the cotyledons to other amino acids (Table II) , as already recorded for pea shoots (20) and lupin seeds (1) fed through the transpiration stream of whole shoots. Asparagine itself was not labeled from 4-carbon precursors but was labeled from serine and glycine. This is consistent with a synthesis of asparagine via ,3-cyanoalanine (2) , which would also account for the observed labeling of aspartate family amino acids by serine and glycine. Unfortunately, lack of positive identification of the dansyl derivative has so far prevented the detection of labeling in ,-cyanoalanine.
The aromatic amino acids, with the exception of tryptophan, were poorly labeled (tyrosine) or not labeled at all (phenylalanine) from the seven phloem sap amino acids (Table II) . The feeding of glucose, which is the form of sucrose is the major carbon source for the developing pea seed (12) , resulted in the labeling of these compounds, as well as many aliphatic amino acids, to fairly high specific radioactivity (Table III) . When phenylalanine was fed, extensive degradation was indicated by the large decrease in specific radioactivity between recovered phenylalanine and the other labeled products. Tryptophan was labeled from 4-carbon precursors and glycine but not by serine, alanine, or glucose. This is an unexpected result, for which an explanation is not yet apparent. The evidence also does not allow a conclusion as to whether the cotyledon can carry out de novo synthesis of the benzene or indole ring systems.
Histidine, whose synthesis is not well understood in plants (2), was labeled only from aspartate and glycine among the phloem sap amino acids (Table II) . In microorganisms (14) glycine contributes carbon atoms to positions (4 and 5) of the purine ring of ATP which do not appear in histidine. Nevertheless, the preferential labeling of histidine by [2-3H] adenosine (Table III) indicates that the early steps of histidine synthesis are the same in pea cotyledons as in microorganisms. Simultaneous catabolism of the purine ring to urea, which contains the C-2 atom (14) is suggested by the appearance of tritium in arginine.
The present study has shown that the isolated pea cotyledon has the capacity to make its own amino acids for protein synthesis, using precursors that are supplied in large amounts in the phloem and pathways that appear to conform largely to accepted synthetic routes in plants. The regulation of these pathways, and the question whether the flux through them is sufficient to account for the high rate of protein synthesis in the developing cotyledon, are interesting topics for future research.
